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Abstract

Seven new ovine progressive pneumonia virus (OPPV) field isolates were derived from colostrum and milk of 10 naturally OPPV-infected
sheep from the US Sheep Experiment Station in Dubois, Idaho, USA. Sixteen sequences of the surface envelope glycoprotein (SU) from
these seven Dubois OPPV field isolates andSUsequence from OPPV WLC1 were obtained, aligned with published SRLVSUsequences, and
analyzed using phylogenetic analysis using parsimony (PAUP). Percent nucleotide identity inSUwas greater than 95.8% among clones from
individual Dubois OPPVs and ranged from 85.5 to 93.8% between different Dubois OPPV clones.SUsequences from Dubois OPPVs and
WLC1 OPPV had significantly higher percent nucleotide identity toSUsequences from the North American OPPVs (85/34 and S93) than
caprine-arthritis encephalitis virus (CAEVs) or MVVs. PAUP analysis also showed thatSUsequences from the Dubois OPPVs and OPPV
WLC1 grouped with other North American OPPVs (85/34 and S93) with a bootstrap value of 100 and formed one OPPV clade II group. In
addition, Dubois and WLC1SUamino acid sequences had significantly higher identity toSUsequences from North American OPPVs than
CAEV or MVV. These data indicate that the seven new Dubois OPPV field isolates along with WLC1 OPPV are part of the OPPV clade II
and are distinct from CAEVs and MVVs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Small ruminant lentiviruses (SRLVs) include caprine-
arthritis encephalitis virus (CAEV), maedi-visna virus
(MVV), and ovine progressive pneumonia virus (OPPV),
the North American equivalent to MVV. SRLVs have
been categorized based on cytopathogenicity in cell cul-
ture (Querat et al., 1984; Lairmore et al., 1987). Currently,
SRLVs are being categorized according to their nucleotide
sequence. Nucleotide sequence information establishes
the phylogenetic relationship between different SRLVs. In
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SRLV research, one study recently grouped SRLVs into
clades according to partial and completeenv sequences
(Zanoni, 1998).

OPPV was first reported in North America in sheep from
Montana, USA experiencing respiratory distress or also
known as “lunger” sheep (Marsh, 1923). The presence of
respiratory distress in the absence of any central nervous
system disorders or visna defined the respiratory viral in-
fection as OPPV. A few OPPV field isolates have been
reported over the last 35 years in North America and most
have been isolated from respiratory distress or maedi clini-
cal cases. The OPPV isolate (CU1) presently named 85/34
was derived from a sheep experimentally inoculated with
an isolate derived from lung tissue of white face Montana
sheep with clinical signs of OPPV (Lairmore et al., 1987;
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Kennedy et al., 1968). The WLC1 OPPV isolate was orig-
inally isolated from lung tissue of Wyoming sheep with
clinical signs of OPPV (Cutlip and Laird, 1976), and the
S93 OPPV isolate was originally isolated from a Border
Leichester sheep in Maryland with clinical signs of OPPV
(Jolly and Narayan, 1989). Another OPPV isolate was de-
rived from lung of a Finnish ewe in upstate New York with
clinical signs of OPPV (Campbell et al., 1993). Twenty-four
years have past without any new information regarding
OPPV in the Rocky Mountain region of USA where the
highest OPPV seroprevalence occurs (Cutlip et al., 1992).
Evaluation of new SRLVs will enable a better understand-
ing of SRLV ancestral origins and their transmissibility
between species.

OPPV is believed to be transmitted via colostrum/milk
and/or respiratory secretions. In this study, seven new OPPV
field isolates were derived from colostrum or milk of 10 lac-
tating OPPV-positive ewes originating from the US Sheep
Experiment Station in Dubois, Idaho. Sixteen newSU se-
quences were obtained from these seven new OPPV field
isolates.SU sequence was also obtained from the OPPV
WLC1, currently used as the antigen for serologic diagno-
sis employing the agar gel immunodiffusion assay (AGID)
(Cutlip et al., 1977). SU sequence from the Dubois OPPV
isolates and WLC1 OPPV were analyzed againstSU se-
quences from known SRLVs.

2. Materials and method

2.1. Animals

Ten pregnant naturally OPPV-infected sheep not expe-
riencing clinical signs of maedi were moved from their
original location of Dubois, Idaho to Pullman, WA. All
sheep were white-faced sheep composed of Polypay, Ram-
bouillet, and Columbia breeds. Their OPPV-infection status
was determined by the presence of anti-surface envelope
glycoprotein antibodies detected by competitive-inhibition
enzyme-linked immunosorbent assay (cELISA) and im-
munoprecipitation of 35[S] methionine-labeled OPPV
WLC1 lysates (Herrmann et al., 2003b).

2.2. Virus isolation from co-culture and DNA isolation

Within 24 h after parturition, 10–30 ml of colostrum was
collected by milking. Briefly, the ewe’s teat was cleaned
with cotton gauze soaked in 70% ethanol, dried for ap-
proximately 2 min followed by milking. Every 2 weeks,
10–30 ml of milk from the 10 Dubois ewes was also col-
lected. Colostrum and milk was diluted 1:1 with 1× PBS
Dubellco’s pH 8.0 and cells were recovered by centrifuga-
tion at 500×g for 10 min at 4◦C. Cells were washed 2× with
DMEM 10% fetal bovine serum (FBS) with 100�g/ml gen-
tamycin, and 100 U/ml penicillin/streptomycin, suspended
into 1 ml media and split between 2 and 25 cm2 flasks con-

taining goat synovial membrane cells (GSM) at approxi-
mately 50% confluence. The co-cultures were maintained in
DMEM 5.0% FBS with 100�g/ml gentamycin, 100 U/ml
penicillin/streptomycin.

The cells were passed as needed and observed for 6 weeks
for formation of syncytia. When syncytia were observed,
the supernatant was placed on fresh GSM cells and fol-
lowed 6 more weeks to verify the presence of syncytia. The
syncytia-forming co-cultured cells were trypsinized and col-
lected by centrifugation at 500× g for 10 min at 4◦C and
frozen at−20◦C until DNA isolation could be performed.
OPPV strain WLC1 was grown in GSM cells and upon the
presence of syncytia, cells were collected for DNA isolation.
DNA from co-cultured colostral/milk and GSM cells was
isolated using a DNA isolation kit for 30–50× 106 cultured
cells (Gentra Puregene D-5000K).

2.3. PCR amplification, cloning, and sequencing of SU

PCR amplification of the envelope gene was performed
on DNA (100–500 ng) using the following reagents:
[0.0375 U/�l] f platinum Taq polymerase (Invitrogen),
1× PCRf Mix (Invitrogen), [1.5 mM]f MgCl2 (Invitrogen),
[0.2 mM]f dNTPs (Invitrogen), and [3 ng/�l] f of the forward
and reverse primers. The forward primer for WLC-1 and
sheep LMH 17 was TATF3: 5′-TGTGGATGCAGACTATG-
TAACCCGGGGTGGGGAA-3′. TATF3 was derived from
CAEV-CO (Saltarelli et al., 1990). The forward primer for
sheep LMH 11, 13, 15, 16, 18, and 19 was MV-TATF1:
5′-TGTGGGTGTCGACTATGCAACCCGGGATGGGGA-
A-3′. The reverse primer for WLC-1 was WLCR1: 5′-CTGT-
CTAAAGTAGCATTTTTGCA-3′. The reverse primer for
LMH 11, 13, 15, 16, 17, and 19 was S93R: 5′-CTCATCCTG-
CTGNGCAGCAGTTGC-3′. MV-TATF1 and S93R were
designed based upon Genbank sequences of OPPV 85/34
(AY101611) and OPPV S93 (AF338226). PCR amplifica-
tion conditions were as follows: 1 cycle at 95◦C for 4 min;
35 cycles of the following: 95◦C for 30 s, 50◦C for 30 s,
and 72◦C for 2 min; 1 cycle of 72◦C for 7 min; 4◦C indef-
inite. PCR products were analyzed in an ethidium bromide
1% low melt agarose gel, bands at 2 kbp were excised, and
DNA was isolated from excised gel fragments using the Qi-
aex II agarose gel extraction protocol (Qiagen). DNA was
quantified by A260 nmand an extension reaction is performed
at 72◦C for 20 min using [1× PCR]f , [0.3 mM]f dNTPs,
[1.5 mM]f MgCl2, and [0.1 U/�l] f platinum Taq polymerase
(Invitrogen). Extended DNA was cloned into pCR2.1 using
TOPO TA Cloning Kit (Invitrogen), and TOP 10 cells (In-
vitrogen) were transfected with pCR2.1. DNA was isolated
from 5 ml cultures of individually picked colonies using
an SV Mini-Prep Kit (Promega). Clones with the envelope
insert were identified by EcoRI digest at [2 U/�l] f for 2 h at
37◦C followed by analysis on a 1% agarose gel containing
ethidium bromide. Positive envelope clones were sequenced
using a fluorescent dideoxy-terminator sequencing method
at Washington State University Biomolecular Core Sciences
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Laboratory using ABI Prism 337 or ABI 3100 DNA
sequencers.

2.4. Alignment and phylogenetic analysis of SU

Nucleotide sequences encoding the surface envelope gly-
coprotein of the clones from WLC1, LMH 11, 13, 15, 16,
17, 18, and 19 were assembled and analyzed using Seq-
man Dnastar software (Lasergene). We obtained more than
one clone in six out of the seven new OPPV isolates yield-
ing a total of 16 new OPPVSU nucleotide sequences.SU
nucleotide sequences of the Dubois OPPVs, WLC1 OPPV,
and the SRLVSU nucleotide sequences listed inTable 1
were aligned using ClustalW in MegAlign Dnastar soft-
ware (Lasergene). AlignedSU nucleotide sequences were
exported in phylogenetic analysis using parsimony (PAUP)
format to PAUP version 4.0 for phylogenetic tree construc-
tion. A parsimony with heuristic phylogenetic tree was con-
structed using bovine immunodeficiency virus (BIV)env
(Genbank accession number M32690) as the outgroup and
bootstrap confidence values were calculated based on 1000
iterations. In addition, deduced amino acidSU sequences
were completed for the Dubois OPPVs, WLC1 OPPV, and
the SRLV strains listed inTable 1 using Editseq Dnastar
software (Lasergene), and were aligned using ClustalW. The
MVV SUconsensus was determined by ClustalW alignment
of SU from the MVVs listed inTable 1. The OPPVSUcon-
sensus was determined by ClustalW alignment ofSU from
WLC1 OPPV, 85/34 OPPV, and S93 OPPV. The CAEV
SU consensus was determined by ClustalW alignment of
SU from the CAEVs listed inTable 1 including CAEV
1244.

Genbank accession numbers AY362022 thru AY362038
were assigned to the 16SU nucleotide sequences obtained
from the Dubois OPPVs and the oneSUnucleotide sequence
from WLC1 OPPV.

Table 1
SU sequences analyzed in this study from the SRLV strains listed along
with their Genbank accession numbers and corresponding references

SRLV Strain Genbank
accession
number

References

OPPV 85/34 U64439 Woodward et al., 1995
OPPV S93 AF338226 Hötzel and Cheevers, 2001
CAEV-63 M60855 Knowles et al., 1991
CAEV-CO M33677 Saltarelli et al., 1990
CAEV-680 AF015180 Valas et al., 1997
CAEV-021 AJ400719 Valas et al., 2000
CAEV-032 AJ400720 Valas et al., 2000
CAEV-786 AJ400721 Valas et al., 2000
MVV-EV1 S51392 Sargan et al., 1991
MVV-KM1071 U51910 Andresdottir et al., 1998
MVV-1772 L06906 Braun et al., 1987
MVV-SA-OMVV M31646 Querat et al., 1990
MVV-1514-LV1-1KS1 M60609;

M37977
Staskus et al., 1994

3. Results and discussion

3.1. Percent nucleotide identity in SU of Dubois OPPV
field isolates

Seven new OPPV field isolates were derived from the
colostrum or milk cell co-cultures with goat synovial mem-
brane (GSM) cells. Proviral DNA was isolated from the
co-cultured cells that produced syncytia either within 6
weeks of the initial co-culture or after 6 weeks of passing
the first supernatant onto fresh GSM cells. The envelope
gene was PCR amplified from the proviral DNA, cloned and
sequenced. The seven new OPPV field isolates resulted in
a total of 16 new OPPVSU nucleotide sequences. Percent
nucleotide identity inSU was greater than 95.8% among
clones from individual Dubois OPPVs and ranged from
85.5 to 93.8% between different Dubois OPPV clones.

3.2. Percent nucleotide identity in SU between SRLVs

SU sequences obtained from WLC1 OPPV and Dubois
OPPVs were compared toSU sequences from several pub-
lished SRLVs listed inTable 1. Table 2shows the mean per-
cent nucleotide identity inSUof the 16 new OPPV Dubois
SUsequences and the one WLC1SUsequence compared to
WLC1 OPPV, 85/34 OPPV, S93 OPPV, CAEV, and MVV
SU sequences.SU of WLC1 OPPV had a higher percent
identity to 85/34 OPPVSU, S93 OPPVSU, and Dubois
OPPVSU than to CAEV or MVVSUsequences (Table 2).
In addition, the DuboisSU sequences had a significantly
higher mean percent nucleotide identity±2 standard de-
viations (2 S.D.) to OPPV WLC1, 85/34, and S93SU
sequences than to CAEV or MVVSUsequences (Table 2).
Although it was not significant, the DuboisSU sequences
had slightly higher mean percent nucleotide identity to
CAEV SU sequences (74.4%) than MVVSU sequences
(71.7%). Four partialSU sequences have been evaluated
from naturally OPPV-infected sheep from eastern Kansas,
and theseSUsequences also had a higher percent nucleotide
identity to CAEV than to MVV (Chebloune et al., 1996).

3.3. Phylogenetic analysis of SRLVs using SU

To further evaluate the differences inSUbetween Dubois
and WLC1 OPPVs and other SRLVs, phylogenetic analy-
sis was conducted. Parsimony with heuristic phylogenetic
tree using phylogenetic analysis using parsimony was con-
structed (Fig. 1). The 16 OPPV DuboisSU sequences
segregated into one cluster with a bootstrap value of 100.
In addition, the DuboisSU sequences and the other OPPV
SU sequences (S93, 85/34, and WLC1) formed one large
OPPV clade with a bootstrap value of 100.SU sequences
were significantly similar between all the OPPVs examined
in this study and phylogenetically grouped together, sug-
gesting that OPPV-infected sheep across North America are
infected with closely related OPPVs. In addition, although
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Table 2
Mean percent nucleotide identity inSU of Dubois OPPVs and WLC1 OPPV compared to WLC1 OPPV, 85/34 OPPV, S93 OPPV, CAEVs, and MVVs

OPPV WLC1 OPPV 85/34 OPPV S93 CAEVa MVV b

WLC1 – 91.7% 85.7% 73± 1.2%c 71.4 ± 1.2%c

Dubois 84.6± 1.4%c 85.4 ± 1.2%c 86.7 ± 1.2%c 74.4 ± 2.1%c 71.7 ± 2.0%c

a Contains CAEVs listed inTable 1.
b Contains MVVs listed inTable 1.
c Based on two standard deviations.

WLC1, S93, and 85/34 OPPV have been passaged several
times prior to our acquisition (possibly >30 years in the
case of 85/34) but remain similar to the Dubois OPPV field
isolates in terms ofSU sequence, this indicates thatSU in
vivo and in vitro does not change rapidly.

North American CAEVs (CAEV-63 and CAEV-CO) and
French CAEVs (680, 021, 032, and 786) formed a CAEV
clade based onSU sequences with a bootstrap value of
100. The CAEV clade and the OPPV clade formed a larger
OPPV/CAEV combined group with a bootstrap value of 80
suggesting that OPPV may be more related to CAEV based
on SU sequences. MVVs including 1514-LV1-1KS1, EV1,
1772, SA-OMVV, and KM1071 formed the MVV clade
based onSU sequences which grouped separately from the
OPPV/CAEV combined group. The finding that none of the

Fig. 1. Phylogenetic analysis of SRLV strains based uponSU sequences
was generated by phylogenetic analysis using parsimony version 4.0 using
parsimony with heuristic. Bootstrap confidence values were calculated
based on 1000 iterations, and bovine immunodeficiency virus (BIV)env
was used as the outgroup and is designated as envelope provirus on the
bottom of the SRLV strain list.

OPPVs grouped in either the CAEV or MVV clades based
on completeSU sequence, suggests that OPPVs may be
evolving into a unique clade.

According to our phylogenetic analysis, we observed
three clades based upon completeSU sequences, and these
clades directly corresponded to the three SRLV classifica-
tions: OPPV, CAEV, and MVV. Another study previously
described five clades for SRLVs based upon both partial and
completeenvsequences (Zanoni, 1998). This previous study
assigned MVVs EV1, SA-OMVV, 1514, KM1071 to clade
I, North American OPPVs 85/34 and 84/28 to clade II, and
North American CAEVs (CAEV-63 and CAEV-CO) and
one French CAEV to clade V. Our study confirmed these
clade designations and showed that completeSUsequences
could also be used to group SRLVs according to clades.

3.4. Deduced SU amino acid sequences of SRLVs

To see if the observed nucleotide differences between
OPPV, CAEV, and MVVSU sequences resulted in amino
acid differences inSU, amino acid sequences were deduced
from the 16 DuboisSUsequences, WLC1SUsequence and
known SRLVSUcomplete sequences found inTable 1and
CAEV 1244 (Wain-Hobson et al., 1995). The consensus se-
quence for allSUsequences (data not shown) revealed a total
of 22 cysteine residues with all being completely conserved
between SRLVSU sequences except for cysteine no. 7 in
MVV-EV1 (amino acid residue 157 in consensus). In addi-
tion, 22 possible N-linked glycosylations (N-X-S/T/C) were
revealed based upon the consensus sequence for SRLV, but
only seven N-linked glycosylations were conserved among
the SRLVSU amino acid sequences. The second N-linked
glycosylation was conserved among theSU amino acid se-
quences of the SRLVs except Dubois 16.3.

Consistent with nucleotide sequence analysis and PAUP,
WLC1 OPPV, and Dubois OPPV deduced amino acid se-
quences ofSU had a significantly higher (2 S.D.) percent
identity to 85/34 and S93 OPPVSU than CAEV or MVV
SU sequences (Table 3). SU variable regions V1, V2, V3,
V4, and V5 (originally designated byValas et al., 2000)
from Dubois OPPVs also showed variability. The mean per-
cent amino acid identity in wholeSU, V1, V2, V3, V4,
and V5 was calculated for the 16 DuboisSU sequences
against CAEV, MVV, and OPPVSU consensus sequences
(Fig. 2). Interestingly,SU sequences from Dubois have a
higher amino acid sequence identity in wholeSU, V2, V3,
V4, and V5 to the OPPVSUconsensus more than MVVSU
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Table 3
Mean percent deduced amino acid sequence identity inSU of Dubois OPPVs and WLC1 OPPV compared to WLC1 OPPV, 85/34 OPPV, S93 OPPV,
CAEVs, and MVVs

OPPV WLC1 OPPV 85/34 OPPV S93 CAEVa MVV b

WLC1 – 90.9% 84.9% 73± 1.7%c 70.4 ± 5.5%c

Dubois 84.2± 1.9%c 86.4 ± 2.1%c 86.9 ± 2.4%c 74.0 ± 2.3c 69.8 ± 4.1%c

a Contains CAEVs listed inTable 1.
b Contains MVVs listed inTable 1.
c Based on two standard deviations.

or CAEV SU consensus sequences. However, the only re-
gion of SUwhere the DuboisSUhad a significantly higher
(2 S.D.) amino acid sequence identity to the OPPVSUcon-
sensus sequence over CAEV or MVV consensus sequences
was V4. Since V4 contains the only known neutralizing an-
tibody epitope in SRLVs (Skraban et al., 1999), this sug-
gests that V4 inSU can be used to further group SRLVs
into clades not unlike V3 in HIVSU. In contrast, V1 is the
only region ofSU that the Dubois OPPVs show comparable
identity to OPPV and MVV consensus sequences. Interest-
ingly, threeSU clones from one virus (LMH 15) contained
a five amino acid deletion in this V1 region, and this could
have contributed to the lower percent identity to the OPPV
consensus sequence.

Based on nucleotide identity, phylogenetic analysis, and
deduced amino acid sequence ofSU, Dubois and WLC1 OP-
PVs are more closely related to North American OPPVs than
CAEV or MVV. In addition, our study and another suggest
that OPPV may have evolved from CAEV more than MVV
(Karr et al., 1996). This is a possibility given that lambs
can be infected with CAEV by feeding them milk from in-
fected goats (Oliver et al., 1985), and sheep can be exper-
imentally infected with CAEV resulting in arthritis (Banks
et al., 1983). Interestingly, some French MVVs isolated from

Fig. 2. Mean percent deduced amino acid identity in wholeSU and SU variable regions, V1–V5, in Dubois OPPVs compared to CAEVSU consensus,
MVV SU consensus, and OPPVSU consensus sequences. CAEVSU consensus sequence was constructed by aligning the CAEVSU sequences shown
in Table 1. MVV SU consensus sequence was constructed by aligning the MVVSU sequences shown inTable 1. OPPV SU consensus sequence was
constructed by aligning 85/34, WLC1, and S93SU sequences. Error bars denote two S.D.

two separate sheep flocks phylogenetically grouped with
CAEV-CO whereas other French MVVs isolated from two
different flocks phylogenetically grouped with MVV K1514
based upon a partialSU sequences (Leroux et al., 1997).
Conversely, a goat lentivirus in Ireland more closely resem-
bled MVVs than CAEVs based on partialSU sequences
(Roland et al., 2002). Although none of our Dubois OPPVs
grouped in the CAEV clade based onSUsequence, the com-
bined observations above suggest that SRLVs are capable of
cross-infecting goats and sheep. Therefore, diagnostic tests
which detect all SRLVs will be highly beneficial for disease
eradication. Our laboratory has recently demonstrated that
a CAEV competitive-inhibition enzyme-linked immunosor-
bent assay (cELISA) is equally sensitive and specific in both
CAEV-infected goatherds and OPPV-infected sheep flocks
(Herrmann et al., 2003a, b).

In conclusion, seven new OPPV field isolates from colos-
trum/milk cells of Dubois sheep were isolated and analyzed
based uponSUsequence. Based uponSUsequence, phylo-
genetic analysis ofSU, and deduced amino acid sequence
of SU, these new Dubois OPPVs are more closely related to
North American OPPVs than to CAEVs or MVVs.

Future studies concentrating on the role ofSU in patho-
genicity and immune responses are underway. In addition,
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we are planning on evaluatingSU amino acid sequences
following ewe to lamb transmission of OPPV.
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